Apoptosis is a form of programmed cell death that maintains the balance between the cell-generating effect of mitosis and the cell-loss consequence of cell death in multicellular organisms. Once the defects in the regulation of apoptosis interfere with this delicate balance, the disruption may lead to cancer. 1 Over the past decades, many oncogenes and tumour suppressor genes have been identified that regulate apoptosis, such as Bcl-2, p53 and MYC. [2] [3] [4] [5] [6] These studies have improved our understanding of apoptotic signalling pathways and their dysregulation in cancer progression and therapy.
Nevertheless, a class of small non-coding RNAs, termed microRNAs (miRNAs), which have been identified recently, have revealed the apoptotic signalling pathways to be more complex and enigmatic than previously appreciated. MiRNAs can recognize target genes by pairing to the mRNAs of protein-coding genes and direct their posttranscriptional repression via the degradation of mRNAs, the inhibition of protein translation or a combination of the two. [7] [8] [9] Increasingly, data have clearly shown that miRNAs have vital roles in a wide range of pivotal biological processes in both plants and animals, such as cell growth, development, proliferation, differentiation and death. 10, 11 Moreover, miRNAs can regulate the apoptosis of tumour cells. For instance, miR-34a mediates the p53 regulation of apoptosis, 12 and miR-15 and miR-16 can induce apoptosis and suppress cell growth and the cell cycle by inhibiting the anti-apoptotic factor Bcl-2. 13 However, miR-21 can enable tumour cells to evade apoptosis by downregulating several tumour suppressor genes, including PDCD4, PTEN, RECK, TPM1 and MARCKS. [14] [15] [16] The miRNA, miR-148a may repress tumourcell proliferation and metastasis by targeting DNMT1 and TGIF2. 17, 18 However, it remains unknown whether miR-148a functions as a regulator of apoptosis in tumours. Therefore, we have investigated and demonstrated a new pathway in which miR-148a mediates apoptosis in colorectal cancer, and provide insights into the mechanisms of tumour-cell apoptosis.
MiR-148a positively regulates cell apoptosis in vitro
To determine whether miR-148a can regulate apoptosis, we selected three colorectal cancer cell lines, RKO, SW480 and Lovo. First, we investigated the expression of miR-148a in the cell lines by real-time reverse transcription polymerase chain reaction (RT-PCR), which revealed a higher expression in SW480 cells than in RKO and Lovo cells (Figure 1a) . We then constructed a miR-148a expression vector that included the genomic sequence of the human miR-148a gene, and ectopically expressed miR-148a in RKO and Lovo cells (Figure 1b) . Compared with the control vector, the miR-148a expression vector induced significantly more apoptosis in both RKO and Lovo cells (Figure 1c ). To further confirm that miR-148a promoted apoptosis, we used antisense oligonucleotides to silence miR-148a in RKO and Lovo cells transfected with the miR-148a expression vector, and analysed the silencing level by real-time RT-PCR: this showed that the antisense miR-148a inhibitor caused a more than threefold reduction in miR-148a (Figure 1d ). We then found that the antisense miR-148a inhibitor could partly reverse the increase in apoptosis induced by miR-148a (Figure 1e ). These data suggest that miR-148a may function as a proapoptotic activator and trigger early apoptosis in colorectal cancer.
The transcription factor MYB directly represses miR-148a
Having demonstrated that miR-148a promoted apoptosis in colorectal cancer cells, we then wanted to investigate how miR-148a itself is regulated. As we thought that miR-148a might be the target of certain transcription factors, we therefore searched TRANSFAC public release 7.0 19 for the transcription factor binding profile of miR-148a. Among the transcription factors found, MYB was of interest, as it had been identified as an oncogene involved in enhancing proliferation and survival, and in inhibiting apoptosis in human malignancies. 20 We then scanned a 5-kb genomic sequence (4.5 kb upstream and 0.5 kb downstream) of the human miR-148a stem loop using pwmatch software (http:// www.bioinf.uni-leipzig.de/Software/pwmatch/), and screened two TFBSs, at À3706 bp (TFBS-1) and À2998 bp (TFBS-2), that MYB can recognize (Figure 2a) . So, chromatin immunoprecipitation (ChIP) assays were performed to determine whether MYB regulates the expression of miR-148a by binding directly to the miR-148a gene. Two pairs of primers were designed to amplify the two portions spanning the two putative TFBS (TFBS-1 primers and TFBS-2 primers), respectively. Following ChIP of RKO cells with antibody for MYB, PCR was performed and the products were found with only the TFBS-2, but not the TFBS-1 primers (Figure 2b) . Similar results were obtained in SW480 cells. This experiment made it clear that MYB was bound to TFBS-2, but not to TFBS-1 in the miR-148a gene. To further determine whether MYB can directly bind the TFBS-2 site in miR-148a gene, electrophoresis mobility shift assay (EMSA) was carried out to analyse the activity for MYB binding to TFBS-2. As shown in Figure 2c , the TFBS-2 oligonucleotide binding activity of nuclear extracts from MYB knockdown cells was significantly reduced relative to that of control cells, which suggested that MYB may act as the modulator of miR-148a by binding to the TFBS-2 site.
Subsequently, we assayed the expression of miR-148a after knockdown of MYB using siRNA; the results revealed that downregulation of MYB could increase miR-148a expression in RKO, Lovo and SW480 cells (Figure 2d ). To provide stronger evidence that miR-148a is suppressed by MYB, we constructed two reporter plasmids comprising the two portions spanning the two putative TFBSs, respectively. When they were transfected to MYB knockdown, control RKO and SW480 cells, the TFBS-2 reporter plasmid caused a significant increase in luciferase reporter activity in the MYB knockdown cells; however, there was no significant change for TFBS-1 reporter plasmid in luciferase reporter activity between MYB knockdown and control cells (Figures 2e and f) .
As the knockdown of MYB promoted miR-148a expression, we wanted to know whether MYB affected cell apoptosis through miR-148a. Therefore, we analyzed apoptosis in RKO and Lovo cells after transfection of siRNA for MYB, which showed that knockdown of MYB could also partly induce apoptosis in both cell lines (Figures 2g and h ). More interestingly, the antisense miR-148a inhibitor could restore the downregulated MYB induction of apoptosis (Figures 2g  and h ). Taken together, MYB seems to be a key regulator for miR-148a for promoting apoptosis in colorectal cancer.
Bcl-2 is a direct target for miR-148a silencing
Bcl-2 is a critical molecule for regulating the apoptotic pathway. 21 We wanted to know whether miR-148a can silence apoptosis posttranscriptionally by specifically recognizing the 3 0 -UTR of Bcl-2. The target sites of miR-148a were searched in Bcl-2 mRNA (NM_000633) through RNA22 (http://cbcsrv.watson.ibm.com/rna22.html), and a seed sequence was found in the 3 0 -UTR of Bcl-2 mRNA (Figure 3a ). To validate the predicted target, we cloned the wild-type 3 0 -UTR of Bcl-2 with the seed sequence to the reporter plasmid, and in parallel we constructed another reporter plasmid carrying a mutant Bcl-2 3 0 -UTR, especially mutated in the seed sequence ( Figure 3a ). Transient transfection of the wild reporter plasmid to miR-148a-overexpressing RKO cells produced a significant reduction (Po0.001) in luciferase reporter gene activity compared with the control ( Figure 3b) ; however, the activity of the mutant luciferase reporter gene was not reduced in miR-148a-overexpressing RKO cells. Hence, the 3 0 -UTR of Bcl-2 is a functional target site for the miR-148a silencing of Bcl-2. In order to further support these results, we investigated whether miR-148a affected the protein or mRNA expression of Bcl-2. The mRNA levels of Bcl-2 were evaluated by real-time RT-PCR: no significant difference was observed between miR-148a-overexpressing RKO cells and control cells (Figure 3c ). The levels of Bcl-2 protein were clearly reduced in miR-148a-overexpressing RKO and Lovo cells compared with control cells (Figure 3d) . Furthermore, introduction of the antisense miR-148a inhibitor to miR-148a-overexpressing RKO and Lovo cells re-established the Bcl-2 expression (Figure 3e ). We also detected the expression of Bcl-2 protein in SW480, RKO and Lovo cell lines; the results showed that the Bcl-2 protein was inversely correlated with the expression of miR-148a (Figure 3f ). Then we ascertained that siRNA for MYB could also repress the expression of Bcl-2 ( Figure 3g ). More intriguingly, the reduced level of Bcl-2 was increased again when the antisense miR148a inhibitor was transfected into the MYB-downregulated RKO and Lovo cells (Figure 3g ).
Bcl-2 can potently inhibit apoptosis in response to most cytotoxic damage, which prevents the release of cytochrome c from the mitochondria and blocks the activation of caspase 9 by the cytoplasmic scaffolding protein Apaf-1. 22, 23 To clarify the mechanism of the miR-148a induction of apoptosis through Bcl-2, we evaluated the changes in cytochrome c, cleaved caspase 9, and cleaved caspase 3 and cleaved PARP levels involved in the intrinsic apoptosis pathway: these proteins were upregulated in miR-148a-overexpressing RKO cells (Figure 3h ). Hence, these data indicate that miR-148a is controlled by the transcription factor MYB, and activates the cytochrome c-caspase 9-caspase 3-PARP intrinsic apoptosis pathway by silencing Bcl-2 posttranscriptionally in colorectal cancer cells.
MiR-148a inhibits Bcl-2 expression in vivo
The above data have shown that miR-148a inhibited Bcl-2 expression in vitro; can miR-148a also alter Bcl-2 in vivo? To explore this question, miR-148a-transfected or control-transduced RKO cells were implanted into nude mice. Visible xenograft tumours were observed within 3 weeks, and the experiment was terminated at week 8. Real-time RT-PCR revealed that miR-148a was successfully ectopically expressed in the xenograft tumours (Figure 4a ). However, there was no significant difference in tumour volume between miR-148a-transfected and controltransduced groups (Figure 4b) . However, by immunochemistry and immunoblotting techniques, we found similar results corresponding to those observed in vitro, which showed that Bcl-2 was expressed less in miR-148a ectopic-expressed xenograft tumours than in controls (Figures 4c and d) . To elucidate the phenomenon that downregulated Bcl-2 did not change the tumour volume, we investigated another pro-survival member, Bcl-XL expression in miR-148a ectopic-expressed xenograft tumours. (Figure 4d, lanes 4 and 5) . Altogether, these data indicated that the functions of Bcl-2 and Bcl-XL may be compensated for maintaining the tumour survival.
Expression of miR-148a correlates inversely with Bcl-2 in colorectal tumours
To explore the significance of miR-148a in clinical material, we detected its expression in tumour tissues from 42 patients with colorectal adenocarcinoma; as shown in Figure 5a , there was no significant difference in miR-148a expression between tumour and matched tissue adjacent to the tumour. Furthermore, no significant differences were observed between miR-148a expression and clinicopathological characteristics, including sex, age, tumour invasion, clinical stage or metastasis. However, we found significant differences in miR-148 expression among three groups with different Bcl-2 expressions as defined by immunochemistry (Figure 5b ). Moreover, a strong inverse correlation between miR-148a expression levels and Bcl-2 was observed in colorectal cancer tissues evaluated by Spearman's rank correlation (r ¼ À0.604; Po0.001).
Discussion
Apoptosis is crucial for regulating tissue homeostasis, and it is increasingly recognized that impaired apoptosis is a key step in tumorigenesis. Our present work provides a new measure of understanding in the apoptotic pathway. In this study, the transcription factor MYB had been identified as an upstream regulator inhibiting miR-148a expression, and in turn miR148a could posttranscriptionally silence Bcl-2. Subsequently, the intrinsic apoptosis pathway was activated by releasing cytochrome c, cleaving caspase 9, caspase 3 and PARP, which eventually induced cancer-cell apoptosis ( Figure 6 ). More significantly, not only had Bcl-2 been confirmed as a target of miR-148a in vitro and in vivo, but also the expression of miR-148a was inversely correlated with Bcl-2 in colorectal cancer tissues, although there were no significant differences between miR-148a and clinicopathological characteristics. Otherwise, the data from in vivo experiments showed no significant difference in tumour volume between miR-148a and control xenograft tumours; one cause might be that the function of Bcl-2 that was silenced by miR-148a could be compensated by Bcl-XL or other pro-survival protein; another cause might be that the microenvironment maintained the tumour growth. These data probably could interpret why there were no significant differences between miR-148a and clinicopathological characteristics. However, recently Chen et al. found that miR-148a expression was lower in tumour tissues compared with tissues adjacent to the tumour tissue, and low miR-148 expression correlated with increased tumour size and advanced colorectal adenocarcinoma stage. 24 This previous study showed that miR-148a was involved in colorectal cancer metastasis, but they focused on the correlation between miR-148a hypermethylation and metastasis. 18 The main cause of the disparity between these and our results was that we only analysed 42 primary tumour The new role for miR-148 has been demonstrated in the present work, namely that it is a pro-apoptotic miRNA, which operates by targeting Bcl-2. Nonetheless, there are some other targets for miR-148a to silence posttranscriptionally. Among them, pregnane X receptor (PXR) is an important target of miRNA-148a, 25 which has an anti-apoptotic function in cancer cells. 26, 27 More interestingly, the anti-apoptotic capacity of PXR may involve induction of Bcl-2 and protection of cells against Fas-induced apoptosis. 28 So, miR-148a can not only directly silence Bcl-2 by binding its 3 0 -UTR, but it also indirectly represses Bcl-2 by suppressing PXR. It is well known that Bcl-2 acts as the vital regulator against the intrinsic apoptotic pathway. So far, several microRNAs (miRNAs) have been identified as upstream inhibitors of Bcl-2. MiR-15 and miR-16 negatively regulate Bcl-2 expression by the incomplete complementarity with the mRNA of Bcl-2 and promote apoptosis. 13 Recently, miR-181b was also found to target Bcl-2 and to induce apoptosis, and then to modulate multidrug resistance in cancer cells. 29 These data suggest that miR-148a, together with miR-15, miR-16, miR-181b and other miRNAs, may have important roles in the intrinsic apoptotic pathway. Apart from miRNAs, the transcription factors are also important upstream regulators for their target genes. Every coin has two sides, and the transcription factor MYB, also known as a proto-oncogene, operates as a transcriptional activator as well as transcriptional repressor. [30] [31] [32] [33] Hitherto, some evidence has strengthened the case that MYB can transactivate Bcl-2 by recognizing the transcription factor binding site (TFBS). 34, 35 More excitingly, the data from our study revealed that MYB functions as a transcriptional repressor by inhibiting miR-148a, which could also silence Bcl-2. So MYB can directly activate Bcl-2: likewise, MYB could positively but indirectly regulate Bcl-2 by transcriptionally suppressing miR-148a. Zhao et al. found that MYB could directly recognize and bind the upstream promoter region of the miR-15/miR-16-1 cluster to promote expression of miR-15; in return, miR-15a could also repress expression of MYB. Consequently, MYB and miR-15 interacted to make an auto-regulatory feedback loop, which modulated both erythroid and myeloid differentiation. 36 Taken together, the reciprocal regulation among the miRNAs and their targets comprises an intricate network to control apoptosis.
In conclusion, our studies clarify some important aspects of a new apoptotic pathway in vitro, in which miR-148a suppresses the expression of Bcl-2 at the posttranscriptional level and induces apoptosis by activating a caspase cascade colorectal cancer; moreover, the transcription factor MYB represses the transcription of miR-148a, so miR-148a mediates MYB to regulate Bcl-2. Our data strongly support the idea that miRNAs have important roles in regulating apoptosis. Further research into the targets and upstream regulator of miR-148a and elucidating their interactive mechanism involved in apoptosis may highlight promising targets of therapeutic value for colorectal cancer in the future.
Materials and Methods
Cell culture. The human colorectal cancer cell lines SW480, RKO and Lovo were purchased from the American Type Culture Collection (Manassas, VA, USA). The cells were maintained in RPMI 1640 medium supplemented with 10% (v/v) heat-inactivated bovine serum (Hyclone, Tauranga, New Zealand) and grown at 37 1C in an atmosphere of 95% air and 5% CO2.
DNA constructs. MiR-148a expression plasmids were constructed using BLOCK-iT Pol II miR RNAi Expression Vector Kits (Invitrogen, Carlsbad, CA, USA), and the genomic sequence of pre-miR-148a was synthesized and cloned to the pcDNA6.2-GW/EmGFP-miR vector. The luciferase reporter plasmid PGL3 (Promega, Madison, WI, USA) was applied to clone the reporter gene. Two portions spanning the two putative MYB TFBS of miR-148a respectively were amplified using the TFBS-1 primers (sense: Figure 6 Pathway of miR-148a induction of apoptosis. In the nucleus, pre-miR148a is transcribed and processed from the miRNA gene in chromosome, which can also be repressed by transcription factor MYB by binding the TFBS-2 upstream of the miR-148a gene. The pre-miR-148a is exported to the cytoplasm, where it is further processed into the mature miR-148a, which is incorporated into the RISC with the argonaute family and other proteins. The RISCs silence Bcl-2 posttranscriptionally by directly binding the 3 0 -UTRs of Bcl-2 mRNAs. The downregulation of Bcl-2 subsequently activates the intrinsic apoptosis pathway by releasing cytochrome c from mitochondria, cleaving caspase 9, caspase 3 and PARP CACUGA-3 0 ) and siRNA for MYB (sense: 5 0 -CCACAUUUCUGAAGCACAATT-3 0 ; antisense: 5 0 -UUGUGCUUCAGAAAUGUGGTA-3 0 ) were synthesized and modified chemically (Invitrogen). Cells were harvested for luciferase and apoptosis assays 72 h after transfection.
Luciferase reporter assay. Various luciferase reporter plasmids were transfected into the cells with Renilla luciferase plasmid. Briefly, for the assay involving MYB repressing miR-148a, 800 ng of PGL3 reporter plasmids for TFBS-1, TFBS-2 or control, 25 ng of Renilla luciferase plasmids and 20 pmol of siRNA for MYB or control were transfected into RKO or SW480 cells of 90% confluence in 24-well plates; otherwise, for the assay involving 148a repressing Bcl-2, 800 ng of PGL3 reporter plasmids for wild or mutated 3 0 -UTR of the Bcl-2, 25 ng of Renilla luciferase plasmids and 800 ng of pre-miR-148a or control were transfected into RKO cells of 90% confluence in 24-well plates; 24 h after transfection, cells were lysed and luciferase activities were assayed using the Dual-Luciferase Reporter Assay System (Promega).
Apoptosis assay. 5 Â 10 5 cells were collected and washed with phosphatebuffered saline (PBS). Cells were then stained with Annexin V-R-PE and 7-AAD, or AnnexinV-FITC (SouthernBiotech, Birmingham, AL, USA) and propidium iodide, and stained cells were detected by flow cytometry. The experiments for the apoptosis assay were performed at least three times.
Chromatin immunoprecipitation. Chromatin immunoprecipitation for MYB interacting with miR-148a was performed using EZ-ChIP kit (Upstate, Waltham, MA, USA). Then, 4 mg of antibody for MYB (Millipore (Temecula, CA, USA) and Santa Cruz (Santa Cruz, CA, USA)) was applied to each immunoprecipitation. The pure DNA was amplified with primers specific for MYB TFBS-1 (sense: 5 0 -TGGTTCGTCTGCTACCCAACAGT-3 0 ; antisense: 5 0 -CGGGGTCCACC CTCAGCGAT-3 0 ) and TFBS-2 (sense:
Electrophoretic mobility shift assay. Nuclear extracts were prepared from control and MYB knockdown cells, and EMSA was performed with DIG-labeled oligonucleotides (TFBS-2 probe: 5 0 -ATGTACACAACGGTATGCAAA-3 0 ) to analyse the binding activity of MYB and Mir-148a using EMSA kit (Roche, Mannheim, Germany).
Immunoblotting. Cells and tissues were lysed on ice for 1 h. Proteins from total cell lysates were resolved by SDS-PAGE, transferred to nitrocellulose membrane, blocked in 5% non-fat milk in PBS/Tween-20, and blotted with the antibodies for Bcl-2 (1 : 1000, Cell Signaling), Bcl-XL (1 : 1000, Cell Signaling), MYB (1 : 1000, Millipore; 1 : 500, Santa Cruz; which was the same as that used for ChIP), b-actin (1 : 5000, Santa Cruz), cytochrome c (1 : 1000, Millipore), cleaved caspase 9 (1 : 1000, Cell Signaling), cleaved caspase 3 (1 : 1000, Cell Signaling) and cleaved PARP (1 : 1000, Cell Signaling). The experiments for the immunoblotting were performed at least three times.
Immunohistochemistry. Paraffin-embedded tissue sections (4 mm) were stained with antibodies for Bcl-2 (1 : 400, Cell Signaling; which was the same as that used for immunoblotting). The positive cells were scored as 0 for o5%, 1 for 6-25%, 2 for 26-50%, 3 for 51-75%, and 4 for 76-100%. Staining intensities were scored as 0 for no staining, 1 for weak, 2 for moderate, and 3 for strong. Immunoreactive scores for Bcl-2 expression were calculated by multiplying these two grading scores, which ranged from 0 to 12. 37 Finally, these samples were divided into three groups: group low for 0-4, group middle for 5-8, group high for 9-12.
Tumour cell xenograft study. Eight-week-old male BALB/c-nu/nu mice were used for xenograft experiments. Cells with miR-148a overexpression and control cells (1 Â 10 6 cells) were suspended in 0.2 ml of PBS, and injected subcutaneously into the nape. Xenograft growth and mouse weight were monitored every 3 days from the formation of visible tumour. At the eighth week after inoculation, the xenografts were excised for the analysis of Bcl-2 by immunoblotting and immunohistochemistry.
Clinical data. In total, 42 fresh patient tissue samples of sporadic colorectal adenocarcinoma were obtained from the Quzhou Hospital of Zhejiang, China. Diagnosis and staging followed the 2000 WHO tumor classification and the 2002 UICC TNM staging system. The study was approved by the Ethics Board of Biomedicine, Zhejiang University, China, and all samples were collected with informed consent.
Statistical analysis. The Student's t-test was performed to compare paired data (miR-148a and Bcl-2 mRNA real-time RT-PCR, luciferase reporter assay, apoptosis assay). The relation between miR-148a and the clinicopathological characteristics was analysed by one-way ANOVA. The correlation between the levels of miR-148a and Bcl-2 was determined using Spearman's test. The statistical significance was considered for Po0.05.
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